nin led to the time-dependent loss of PtdIns 4,5-P 2 from In cells that exhibit caveolae, the hormone-sensitive the Triton-resistant fraction with no change in the level pool of PtdIns 4,5-P 2 is localized in a low density, ca-of PtdIns 4,5-P 2 in the detergent-soluble pool (1). These veolin-enriched membrane fraction (1). Neuro 2a cells findings suggest that the detergent-resistant pool repdo not express caveolin. Nonetheless, the PtdIns 4,5-resents the primary source of PtdIns 4,5-P 2 hydrolyzed P 2 in these cells is compartmentalized in a low density, in response to hormones.
stimulated PI turnover. We have investigated this hypothesis by examining phosphoinositide-based signaling in Neuro 2a cells, a neuroblastoma cell line that does not express caveolin (5) . Furthermore, we have A variety of growth factors and hormones stimulate directly compared the compartmentalization of polythe hydrolysis of PIP 2 to produce the two intracellular phosphoinositides and other signaling molecules in low second messengers, diacylglycerol and inositol trisdensity membranes prepared using three different prophosphate. Diacylglycerol activates protein kinase C cedures, one involving extraction with Triton X-100 while inositol trisphosphate induces the release of caland two utilizing detergent-free protocols. cium from intracellular stores. We have recently reWe report here that PtdIns 4,5-P 2 and other signalported that PIP 2 is not randomly distributed in cells ing proteins are localized to low density membrane dobut instead is concentrated in a low density, Tritonmains in Neuro 2a cells that lack caveolae. However, resistant compartment that is also highly enriched in the distribution of some signaling proteins is affected caveolin (1, 2) . Caveolin is a 21 kDa integral membrane by the method used to isolate the low density domains protein that appears to be the main structural element indicating that not all preparations of caveolae/DIGs of caveolae, small uncoated plasma membrane invagiare biochemically equivalent. Disruption of the low nations (3) . Stimulation of cells with EGF or bradykidensity domains by treatment of cells with the cholesterol-binding drug, cyclodextrin, results in the delocalAbbreviations used are: DIGs, detergent-insoluble, glycosphingolipid ization of PtdIns 4,5-P 2 and a loss in the ability of horenriched domains; GPI, glycosylphosphatidylinositol; lyso-PtdIns, lysomones to stimulate PtdIns turnover. These results sugphosphatidylinositol; PtdIns, phosphatidylinositol; PtdInsP, phosphatidylinositol phosphate; PtdInsP 2 , phosphatidylinositol bisphosphate.
does not require caveolin but is necessary for proper functioning of hormone-stimulated PI turnover.
MATERIALS AND METHODS
All anti-caveolin antibodies were from Transduction Laboratories. Anti-G q and anti-Ret antibodies were from Santa Cruz. 
RESULTS

Isolation of DIGs
All manipulations were carried out at 4Њ C.
Analysis of Neuro 2a Cells
Triton X-100 extraction procedure. One D150 plate of confluent
Western blotting was used to analyze Neuro2a cells cells was washed once in ice-cold phosphate-buffered saline and for the presence of caveolin 1, 2 and 3. A431 cells were scraped into 1 ml of MES-buffered saline (25 mM MES, pH 6.5, 150 mM NaCl, 2 mM EDTA) to which had been added 1% Triton X-100. used for comparison. As shown in Figure 1 , Neuro 2a
The lysate was passed through a 23g needle 10 times and then mixed cells expressed neither caveolin 1 nor caveolin 2 though with an equal volume of 80% sucrose in MES-buffered saline. Six ml both of these isoforms were strongly expressed in A431 of 30% sucrose and 4 ml of 5% sucrose in MES-buffered saline were cells. Neither Neuro 2a cells nor A431 cells expressed layered on top of the lysate-containing layer. Gradients were centrithe muscle specific form of caveolin, caveolin-3 (10).
fuged for 3 hr at 175,000 1 g and fractionated into 1.2 ml fractions.
The small pellet was resuspended into 1.2 ml of MES-buffered saline. Thus, Neuro 2a cells fail to express any of the known forms of caveolin. Consistent with this observation,
Neutral pH detergent-free procedure. This is a modification of the procedure of Smart et al (7) . One D150 plate of confluent cells was these cells have been shown to lack morphologically washed once in ice-cold phosphate-buffered saline and scraped into identifiable caveolae (11). Gradients were prepared and processed as described above.
in these cells (5). To determine whether Neuro 2a cells compartmentalize their inositol phospholipids in a Tri-
Alkaline pH detergent-free procedure. A procedure identical to that described for the detergent-free preparation of caveolae/DIGs ton-insoluble compartment as do caveolin-containing at neutral pH was utilized except the cells were initially scraped into cells, Neuro 2a cells were labeled with [ 3 H]inositol and 1 ml 150 mM Na 2 CO 3 , pH 11, 1 mM EDTA. Lysis and sonication low density membrane fractions prepared by sucrose were carried out in this buffer. Gradient preparation and analysis density gradient centrifugation of cells lysed in 1% Triwere as described above. This represents a modified version of the preparation of Song et al (8) .
ton X-100. For comparison, membranes were also prepared from cells were lysed in the absence of detergent using an isotonic sucrose buffer at neutral pH. GradiAnalysis of [ 1 represents the top of the gradient. P refers to the containing 5% dialyzed fetal calf serum. Gradients were fractionated pelleted material at the bottom of the tube. and phosphoinositides analyzed as described previously (2).
For both the detergent and the detergent-free prepaFor analysis of inositol phosphate production, cells were plated in 6-well dishes and labeled with [ ever, the GPI-linked PrP was recovered almost exclu-tion contained approximately 40% of the PtdInsP recovered from cells lysed in the absence of detergent but sively in fraction 4 ( Figure 2F ).
Although fraction 4 contained very little protein, this only 20% of the PtdInsP recovered from cells lysed in the presence of Triton X-100. fraction contained 40% to 50% of the total PtdInsP 2 recovered in the gradients from cells prepared using Western blot analyses of the sucrose gradient fractions demonstrated that, with one exception, the distrieither the detergent or detergent-free method of preparation ( Figure 2D ). By contrast, only Ç5% of the total bution of signaling proteins was essentially similar in the membranes prepared in the absence or presence of PtdIns or lyso-PtdIns was recovered in fraction 4 in cells that had been lysed in the presence of Triton X-Triton X-100 (Figure 3) . Heterotrimeric G proteins, G i/ o and G q , were extensively localized to the low density 100. Approximately 15% of the PtdIns and lyso-PtdIns was recovered in the low density fraction isolated from fraction containing the PrP. However, Grb2 and the PtdIns 3-kinase were largely excluded from this fraccells using the detergent-free protocol (Figure 2A,B) . For both preparations, the total recovery of PtdIns, tion in both membrane preparations. Low levels of Shc and MAP kinase were present in the low density dolyso-PtdIns and PtdInsP 2 averaged about 90%. Strikingly, the recovery of PtdInsP was nearly 100% in gra-mains, particularly in gradients derived from cells lysed in the absence of detergent. Only the distribution dients prepared using the detergent-free protocol but õ20% in preparations using the Triton X-100 extrac-of the Ret tyrosine kinase, an enzyme that is homologous to the EGF receptor (12,13), was markedly differtion procedure. This difference in recovery may be responsible for the observation that the low density frac-ent in the two preparations. In cells extracted with FIG. 3 . Distribution of signaling-related proteins in sucrose density gradient fractions derived from Neuro 2a cells. Neuro 2a cells were lysed in the absence or presence of Triton X-100 at neutral pH and fractionated by sucrose density gradient centrifugation as described in Materials and Methods. Aliquots of each fraction were analyzed by SDS polyacrylamide gel electrophoresis and subjected to Western blotting using the indicated antibodies. Transferred proteins were detected using the Enhanced Chemiluminescence system. In each set, the upper panel shows the results obtained from cells that were lysed in the absence of Triton X-100 using an isotonic Tris buffer, pH 7.4. The lower panel of each set presents the results obtained from cells that were lysed in MES-buffered saline, pH 6.5 containing 1% Triton X-100.
Triton X-100, Ret was found almost exclusively in the fractions were analyzed for the presence of phosphoinositides, PrP, G q and Ret (Figure 4 ). high density fractions 9 and 10 that contain cytosolic proteins and solubilized membrane components. HowLysis of cells in pH 11, Na 2 CO 3 buffer did not markedly alter the distribution of polyphosphoinositides. ever, when cells were lysed in the absence of detergent, one-third to one-half of the Ret protein was found in Approximately 40% of the PtdInsP 2 and 30% of the PtdInsP was recovered in the low density fraction the low density PrP-containing fraction.
In contrast to the concentration of GPI-linked pro-whereas less than 10% of the PtdIns and lyso-PtdIns was found in this position. In addition, the partitioning teins in low density domains noted above and by others (7), Song et al. (8) have reported that in cells lysed in of G q and Ret into the low density fraction was similar to that seen when cells were lysed at neutral pH (comthe absence of detergent, GPI-linked proteins fractionated in the high density region of the sucrose gradient, pare with Figures 2 and 3) . However, unlike the previous preparation, the GPI-linked PrP was found almost well-separated from the caveolin marker. These workers lysed their cells in a sodium carbonate buffer, pH exclusively in the high density fractions containing the original lysate. Thus, lysis in the high pH Na 2 CO 3 11 whereas our experiments were carried out using cells lysed in a Tris buffer, pH 7.4. To determine buffer led to the preferential loss of PrP from the low density fraction. This was not due to the loss of the whether the difference in the distribution of GPI-linked proteins was due to the different lysis conditions, GPI anchor following lysis of cells with pH 11 buffer.
When membranes prepared from cells lysed with Neuro 2a cells were labeled with [ the PrP partitioned into the detergent phase (not the flattening of these invaginated domains.
1 Therefore, Neuro 2a cells were treated with or without 5 shown). As removal of the GPI anchor from GPI-linked proteins results in their partitioning into the aqueous mM cyclodextrin for 30 min at 37ЊC and low density membrane fractions were prepared. Figure 5 shows the phase, these data suggest that extraction of cells with Na 2 CO 3 buffer does not result in the hydrolysis of its distribution of PtdInsP 2 and G q in control and cyclodextrin-treated Neuro 2a cells. GPI anchor (14).
Treatment of Neuro 2a cells with cyclodextrin led to Effects of Cyclodextrin on PtdIns Turnover
approximately a 50% decrease in the fraction of PtdIns 4,5-P 2 recovered in the low density fraction of the suIf localization of signaling proteins and PtdInsP 2 to crose gradient. Similarly, a portion of the G q was lost low density, detergent-resistant domains is important from the low density fraction and recovered in the high for the proper functioning of PtdIns turnover, then dis-density portion of the gradient. By contrast, there was ruption of these domains should impair the ability of hormones to regulate inositol phosphate production. The cholesterol binding drug, cyclodextrin, has been localize to the low density membrane fraction regardless of the method used to prepare these domains. The finding that PtdInsP 2 is concentrated in low density domains isolated using either detergent or detergentfree procedures suggests that this localization is not the result of the method used for membrane isolation but instead reflects the distribution of this lipid in vivo. In contrast to PtdInsP 2 , the association of several proteins with the low density domains was dependent on the method by which the domains were prepared. For example, the Ret receptor tyrosine kinase was present in the low density fraction in membranes prepared in the absence of detergent but was largely excluded from this fraction when the preparation involved the use of Triton X-100. Similarly, the GPI-linked PrP was present in the low density fraction in membranes prepared using neutral pH buffers but was shifted to the higher density fractions when a Na 2 CO 3 buffer at pH 11 was used for cell lysis. This variability could reflect differences in the mechanisms through which these proteins If compartmentalization of PtdIns 4,5-P 2 in a low buffer, pH 11, and lysates were subjected to sucrose density gradient density fraction is important for PtdIns turnover, then centrifugation as described in Materials and Methods. Aliquots of each fraction were analyzed for [ a similar localization of PtdInsP 2 , regardless of the presence of caveolin and caveolae. The observation that polyphosphoinositides are localized to a low density, detergent-insoluble domain in Neuro 2a cells that do little change in the distribution of PtdIns in the treated not express caveolin and lack caveolae supports this cells (not shown). As shown in Figure 6 , the cyclodexhypothesis. Also consistent with this hypothesis are trin-induced disruption of the low density domains was the results of the experiments examining signaling in associated with a significant reduction in the ability of cells treated with the cholesterol-binding drug, cyclobradykinin to stimulate PtdIns turnover.
DISCUSSION
We have previously shown that in A431 cells a large portion of PtdInsP 2 is compartmentalized in a low density domain that is also enriched in caveolin (1) . In this manuscript, we demonstrate that significant amounts of PtdInsP 2 are also localized to a low density fraction in Neuro 2a cells, a line that does not express caveolin and that lacks caveolae. We have documented localization of PtdInsP 2 in other cell lines including MDCK cells (2) , NIH 3T3 cells, bEND cells, FRT cells and KB cells, 2 the last two of which do not express caveolin. Together with the results presented here, these data indicate that the compartmentalization of PtdInsP 2 is a general feature of most cells and does not require the dextrin. Cyclodextrin treatment led to the delocaliza-REFERENCES tion of PtdIns 4,5-P 2 and the depletion of G q from the
